The signaling cascade induced by the interaction of erythropoietin (EPO) with its receptor (EPO-R) is a key event of erythropoiesis. We present here data indicating that Fyn, a Src-familykinase, participates in the EPO signaling-pathway, since Fyn −/− mice exhibit reduced Tyr-phosphorylation of EPO-R and decreased STAT5-activity. The importance of Fyn in erythropoiesis is also supported by the blunted responsiveness of Fyn −/− mice to stress erythropoiesis. 
| INTRODUCTION
Erythropoiesis is a complex multistep process during which committed erythroid progenitors undergo terminal differentiation to produce circulating mature red cells. Erythroid differentiation is characterized by the production of reactive oxygen species (ROS) in response to erythropoietin (EPO) and by the large amount of iron imported into the cells for heme biosynthesis. 1 During erythropoiesis, ROS could function as second messenger by modulating intracellular signaling pathways. EPO activates a signaling cascade, involving Jak2, as the primary kinase, and Lyn, a Tyr-kinase of the Src family (SFK), as secondary kinase. [2] [3] [4] These two kinases target STAT5 transcription factor, one of the key master transcription regulators involved in erythroid maturation events. [2] [3] [4] [5] Previous studies have shown that the mice genetically lacking Lyn (Lyn −/− ) display reduced STAT5 activation and defective response to phenylhydrazine-(PHZ) induced stress erythropoiesis. [2] [3] [4] Fyn, is another member of the SFKs that is also expressed in hematopoietic cells. [6] [7] [8] [9] [10] Fyn has been invoked as an additional regulatory kinase for the canonical thrombopoietin/Jak2 pathway in megakaryopoiesis. 11 In addition, Fyn has been shown to target STAT5 and to participate to STAT5 activation in mast-cells in response to FCRI engagement. 8 Furthermore, Fyn intersects different intracellular signaling pathways such as Toll like receptor in macrophages or in T cells 12, 13 and participates to the regulation of the redox sensitive transcriptional factor Nrf2. [14] [15] [16] Following acute phase response, Fyn switches-off active Nrf2, triggering its exit from the nucleus and degradation. [14] [15] [16] [17] In erythroid maturation events, the activation of Nrf2 is crucial to support stress erythropoiesis induced by the oxidant, PHZ, and in modulating ineffective erythropoiesis in β-thalassemic mice. 18, 19 In other cellular models, it has been shown that impairment of Nrf2 post-induction regulation results in perturbation of cell homeostasis and in accumulation of poly-ubiquitylated protein aggregates due to deregulated autophagy. 16 Autophagy is activated in response to different cellular Elisabetta Beneduce and Alessandro Matte have equally contributed to this study.
stresses to ensure cell survival and ensure the clearance of the damaged proteins. 18, 19 We recently showed that in chorea-acanthocytosis the impairment of autophagy promotes accumulation of proteins, resulting in engulfment of the cells and in perturbation of erythropoiesis combined with increased oxidative stress. 20 In present study, we explored the role of Fyn in regulating normal and stress erythropoiesis. We show that in addition to Jak2
and Lyn, Fyn is an additional kinase involved in EPO signaling cas- (ii) immuno-blot analysis with specific antibodies against anti-PSer473-Akt, anti-Akt, anti-P-Ser2448-mTOR, anti-mTOR, anti-Jak2 
| CFU-E, BFU-E assay
CFU-E and BFU-E assay was carried out using MethoCult as previously reported. 28 Details are present in Supplementary Methods.
| Immunofluorescence assay for p62 and FOXO3 in sorted erythroblasts
Immunofluorescence assay for p62 and FOXO3 in sorted erythroblasts was carried out as previously described. 20, 25, 29 Details are reported in Supplementary materials and methods.
| LysoTracker and MitoTracker analysis in maturating reticulocytes
To obtain reticulocyte enriched RBC fraction, WT and Fyn −/− mice were intraperitoneally injected with PHZ (40 mg/kg) at day 0, 1, 3 to induce reticulocytosis, and blood was collected in heparinized tubes at day 7, as previously described. 30 RBCs were washed three times with the maturation medium (60% IMDM, 2 mM L-glutamine, 100 U Penicillin-Streptomicin, 30% FBS, 1% BSA and 0.5 μg/mL Amphotericin), diluted 1/500 in maturation medium and cultured in a cell culture incubator at 37 C, 5% of CO 2 for 3 days. Clearance of Lysosome and Mitochondria, on the CD71/Ter119 gated RBC populations, were analyzed at day 0 and 3 of culture using the Lysotracker Green DND- To explore whether the reduced efficiency of EPO cascade might also involve erythroid progenitors, we carried out the in vitro erythroid cell colony forming assay. A lower number of CFU-E and BFU-E colony forming cells were found in Fyn −/− bone marrow ( Figure 1F ).
This was associated again with lower activation of EPO-R mediated signaling cascade with a reduced activation of STAT5 but hyperactivation of Jak2 in Fyn −/− CFU-E (Supporting Information Figure 2Sg ).
Our data indicate that Fyn is involved in EPO signaling cascade and that absence of Fyn lead to increased ROS generation, which may contribute to the hyper-activation of Jak2 in presence of reduced efficiency of EPO signaling pathway. 35 Thus, the very mild microcytic anemia phenotype of Fyn −/− mice is likely to be related more to reduced STAT5 activation, as observed in mice genetically lacking STAT5 than to perturbation of iron metabolism.
36 for absolute values). Data are presented as means AESD (n = 6); * P < .05 compared to WT. since we focus on day 4 and day 8 after PHZ administration, we highlighted them respectively in green and red. This color code is used also in C. C, Amount of Annexin-V + cells in population III (pop III), corresponding to polychromatic erythroblasts and population IV (pop IV), corresponding to orthochromatic erythroblasts from either spleen or bone marrow of WT and Fyn −/− mice respectively at 4 (green) and 8 (red) days after PHZ administration. Data are presented as means AESD (n = 6 from each strain); *P < .05 compared to WT. D, Hematocrit (%) and reticulocyte count in WT (n = 6) and Fyn −/− (n = 6) mice exposed to doxorubicin injection (DOXO 0,25 mg/kg/die, red arrows). Data are presented as means AESD; *P < .05 compared to WT mice; Figure 4Sb ). The activation of FOXO3 was evaluated by both immunomicroscopy and immunoblot analysis, this latter using a specific antibody against inactive phospho-FOXO3. In Fyn −/− mouse erythroblasts, we found a slight but not significant increase in activation of FOXO3 compared to WT erythroblasts (Supporting Information Figure 4Sc ).
We then focused on Nrf2 since Fyn is important in post-induction regulation of Nrf2. 16 We found increased activation of Figure 6Sd ). Thus, in the absence of Fyn, HO-1 protein is increased but its activity is unchanged in Fyn −/− mice, suggesting the accumulation of functionally inactive HO-1. 16 Autophagy is the master control system regulating protein quality and clearance of damaged proteins. 37, 39, 42 The lysosomal related cargo p62 protein can be used as indirect marker of autophagy and its accumulation correlates with impairment of autophagy. 43 In liver from Fyn −/− mice, we found an accumulation of p62, suggesting a blockage of autophagy in the absence of Fyn (Supporting Information Figure 6Se , f ). In agreement, mTOR was more active in liver from Fyn −/− mice compared to WT animals (Supporting Information Figure 6Sg) . 37, 44, 45 These data imply impaired autophagy in liver from mice genetically lacking Fyn.
| Impaired autophagy related to mTOR activation characterizes Fyn −/− mouse erythropoiesis
Since autophagy is also important during erythropoiesis, 42 we explored mTOR signaling during erythroid maturation in Fyn −/− mouse. As shown in Figure 4A , Fyn −/− mouse erythroblasts displayed increased activation of phosho-mTOR compared to WT cells in association with accumulation of p62, similarly to that noted in Fyn −/− mouse liver ( Figure 3A ) as well as of Rab5, a small GTP protein involved in the late phases of autophagy ( Figure 3A ). 39 Consistent with impaired autophagy during erythropoiesis in Fyn −/− mouse, we noted accumulation of p62 in large clusters in Fyn −/− erythroblasts compared to WT cells ( Figure 3B , Supporting Information Figure 7Sa ). Since p62 acts as autophagy adaptor, controlling proteins turnover, 15, 16 we evaluated Keap1, a known substrate of p62. 16, 43 In Fyn −/− erythroblasts, we found increased accumulation of Keap1 compared to WT cells (Supporting Information Figure 7Sb ). Co-immunoprecipitation with either antibodies to p62 ( Figure 3C ) or Keap1 ( Figure 3D ) showed accumulation of p62-Keap1 complex in Fyn −/− mouse erythroblasts. If the perturbation of autophagy in Fyn −/− mice is physiologically relevant to erythroid maturation, it is also likely to affect reticulocyte maturation. 30, 42, 46 To test this possibility, we evaluated the in vitro maturation of reticulocytes from PHZ treated mice. 30 Decreased maturation of Fyn −/− mouse reticulocyte was detected by decreased lysosomal clearance with LysoTracker analysis (Supporting Information Figure 7Sc, d) .
Interesting, no difference in mitochondrial clearance using MitoTracker analysis was noted (Supporting Information Figure 7Sd , lower panel).
Documentation of increased accumulation of p62 in Fyn −/− reticulocyte further supports the impairment of autophagy during erythroid maturation in Fyn −/− mice (Supporting Information Figure 7Se ).
| The mTOR inhibitor Rapamycin unblocks autophagy defect and ameliorates erythropoiesis in
We next tested whether Rapamycin, a known mTOR inhibitor, may modulate Fyn −/− mouse erythropoiesis as reported for other models of pathologic erythropoiesis. 37, 38, 42, 47 In Fyn −/− mice, Rapamycin administration reduced total erythroblasts, while no significant effects were observed in control animals as previously reported 37, 38, 42, 47 ( Figure 4A ). Figure 9Sd) , which can by rescued with Rapamycin, further reinforce the importance of autophagy as adaptive mechanism to stressful conditions associated with perturbations of the EPO signaling pathway. Future studies will be required to fully characterize the role Fyn in cellular signaling in pathologic erythropoiesis.
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